A bacterium utilizing fucoidan from the brown alga Cladosiphon okamuranus as sole carbon source was isolated and identified as Flavobacterium sp. F-31. The strain produced intracellular enzymes involved in fucoidan degradation and desulfation, but desulfation activity was not detected until the molecular weight of fucoidan fell to less than several tens of thousands due to enzymatic degradation. Only fucoidan proved to be an inducible substance for the production of the degrading enzymes.
Fucoidans are fucose-containing sulfated polysaccharides found in the cell-wall matrix of brown algae. Recent studies have shown that fucoidans exhibit a wide variety of biological properties, including antitumoral, 1) antiviral, 2) and anticoagulant 3) activities. The structures of fucoidans extracted from brown algae have been reported to vary among species, each alga having a characteristic sugar composition, position of sulfation, and sugar-skeleton branching pattern. In addition to fucose as a major sugar component, fucoidans may also contain mannose, galactose, and uronic acids. However, because of their structural complexity, the relationships between the structures of fucoidans and their associated biological functions have not yet been elucidated in detail.
Since some fucoidan-degrading enzymes have been isolated from marine bacteria and invertebrates, [4] [5] [6] [7] it is expected that these organisms are suitable candidates for studies of the structural characteristics of this polysaccharide. Kloareg et al. purified the enzyme specific for the degradation of fucoidan from the culture supernatant of the Flavobacteriaceae SW5 strain. 8) The corresponding gene, fcnA, was cloned and the enzyme was overproduced in Escherichia coli. 8) Sakai et al. have purified and characterized similar enzymes from the culture supernatants of Fucobacter marina SA-0082 and Alteromonas sp. SN-1009. 9, 10) All three of these bacterial strains were isolated from marine environments, and they secreted extracellular enzymes capable of degrading fucoidan. While similar enzyme activities have been observed in Fucophilus fucoidanolyticus SI-1234, 11 ) the enzymes were produced within the bacterial cells. Using cell-free extracts of the SI-1234 strain, several fucoidan oligosaccharide species have been prepared by enzymatic digestion of high-molecular-weight fucoidan.
11)
Although the degradation and desulfation of fucoidan is known to be done by enzymes produced by F. fucoidanolyticus SI-1234, 11) the desulfation reactions were not accurately characterized, and the amounts of sulfate released from fucoidan were not determined. In addition, it appears that the culture conditions of no fucoidan-degrading microorganisms have yet been investigated. Hence we attempted to isolate microorganisms that use fucoidan from Cladosiphon okamuranus, which is composed of fucose and glucuronic acid, 11) and investigated the time course of the enzyme reactions involved in fucoidan degradation. The results clearly indicated a unique property of the sulfatase with fucoidan as substrate. In addition, we examined the components in the culture media of the isolated strain with a view to the production of fucoidan-degrading enzymes.
As a high-molecular-weight fucoidan, we used ''SEA ALGA-F'' (Marine Products Kimuraya, Sakaiminato, Japan), which was extracted and purified from C. okamuranus by the method of Kawamoto et al.
12) It contained 41.3% (w/w) fucose, 16.6% (w/w) uronic acid (calculated as glucuronic acid), 14.2% (w/w) sulfate, 17.8% (w/w) ash, and 8.5% (w/w) water. All of the other chemicals used were of the highest grade commercially available.
Seawater and sand were collected at several sites in Tottori, Japan. In addition, C. okamuranus cultured on nets in the sea around Iheya Island in Okinawa, Japan, as well as terrestrial soil samples, were also screened for fucoidan-degrading microorganisms. Medium F, containing 5 g of fucoidan, 4 g of K 2 HPO 4 , 0.5 g of
10 ml of the metal solution, and 1 ml of a vitamin mixture in 1 liter of distilled water, was used in this study. The metal solution in medium F contained 1 g of NaCl, 2 g of CaCl 2 , 0. mixture was composed of 100 mg of biotin, 100 mg of thiamin, 100 mg of riboflavin, 100 mg of calcium pantothenate, 100 mg of pyridoxal phosphate, 100 mg of nicotinamide, 100 mg of folic acid, 20 mg of p-aminobenzoic acid, 10 mg of cyanocobalamin, and 10 mg of lipoic acid in 1 liter of distilled water. Prior to the addition to the enrichment culture media, 10 liters of the collected seawater samples were filtered (pore size y To whom correspondence should be addressed. Tel/Fax: +81-857-31-5269; E-mail: ohshiro@bio.tottori-u.ac.jp 0.2 mm, mixed cellulose ester filter, Advantec, Tokyo, Japan). The filters, sea sand, seaweed, and soil samples were then inoculated into 2-liters flasks containing 500 ml of medium F and incubated with shaking at 30 C for a week. Five hundred microliters of the medium was then transferred to test tubes containing 5 ml of medium F and incubated under the same conditions. After repetition of this enrichment method, 200 ml of each culture was spread on agar plates containing medium F with 1.5% agar. Single-colony isolation was repeated using the same medium, and one isolated strain, designated F31, exhibiting the most potent fucoidan-degrading activity was selected for further analysis.
Whole DNA was extracted from the cells of strain F31 cultured in medium F using a GenTLEÔ DNA isolation kit (Takara, Kyoto, Japan) following the manufacturer's instructions. The 16S rDNA was amplified by PCR using universal bacterial 16S rDNA primers 27f (5 0 -AGAGTTTGATCCTGGCTCAG-3 0 ) and 1525r (5 0 -AAAGGAGGTGATCCAGCC-3 0 ). The amplified DNA fragment of approximately 1,500 bp was then purified using a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and then sequenced using universal 16S rDNA primers.
13) The obtained sequence of approximately 1,400 bp was compared against samples deposited with the DDBJ, and a phylogenic tree was constructed using CLUSTAL W and TREE VIEW.
Strain F31 was cultured in medium F at 30 C for 2 d. The cells were harvested after centrifugation and resuspended in 50 mM Tris-HCl buffer (pH 8.0) and then disrupted using an ultrasonic oscillator at 20 kHz (Sonifier 450, Branson Instruments, Danbury, CT, USA). Cell debris was removed by centrifugation, and the resulting supernatant was used as the cell-free extract. Then the cultural supernatant was concentrated by ultrafiltration and also subjected to enzyme assay. The enzyme reaction mixtures, containing 0.25% fucoidan, 100 mM Tris-HCl buffer (pH 8.0), and enzyme in a total volume of 600 ml, were incubated at 30 C. Fucoidanolytic activity was determined by measuring the amount of reducing sugar released by the enzyme reaction by a method described in the literature. 14) After heating at 80 C for 5 min to stop the enzyme reaction, samples were centrifuged to remove the precipitant, and 450 ml of the supernatant was added to 550 ml of Schales reagent (0.5 g of potassium ferricyanate and 0.5 M sodium carbonate in 1,000 ml of water). The mixture was boiled for 15 min, and the difference in absorbance at 420 nm before and after boiling was determined. A calibration curve was plotted using fucose. Sulfate concentrations were determined by the method of Dodgson 15) using sodium sulfate as a reference, and 0.58% barium chloride and 0.5% gelatin solution was used to measure sulfate. The average molecular weight of fucoidan was estimated by HPLC fitted with an LC-10AS pump and an RID-10A refractive index detector (Shimadzu, Kyoto, Japan) using a size-exclusion column (TSKgel GMPW XL , 7:8 mm Â 300 mm, Tosoh, Tokyo, Japan) at a flow rate of 0.6 ml/min at 40 C. The mobile phase contained 0.1 M sodium nitrate, and pullulans (P-82, Showa Denko, Tokyo, Japan) and maltotriose were used as relative molecular weight standards.
The results obtained after incubation in the enrichment culture with marine samples revealed that few strains were capable of utilizing fucoidan as sole carbon source. The selected strain, F31, isolated from seawater, was grown in medium F. Subsequent HPLC analysis revealed the presence of low-molecular-weight fucoidan after cultivation for 1 d. Strain F31 was a Gram-negative, immotile bacterium with colonies that were yellowish and smooth. The strain was catalaseand oxidase-positive, and did not produce acid from glucose fermentatively. While 16S rDNA sequence analysis of strain F31 (AB544005) revealed a marked sequence similarity to Flavobacterium limicola ST-92 (AB075232, 97%), the two bacteria clustered separately on the phylogenetic tree (data not shown). Hence we named strain F31 Flavobacterium sp. F31. The 16S rDNA sequence showed 88%, 85%, 73%, 71% sequence similarity with fucoidan-degrading bacteria reported previously: Flavobacteriaceae SW5 (AJ628046), Flavobacterium sp. SA-0082 (AB057592), Fucophilus fucoidanolyticus SI-1234 (AB073978), and Alteromonas sp. SN-1009 (AB097610). Flavobacterium sp. F31 is considered a novel fucoidan-degrading microorganism.
We examined the localization of the fucoidandegrading activity of Flavobacterium sp. F31 by HPLC analysis, and found that the enzyme activity responsible for decreasing the molecular weight of fucoidan was associated with the cell-free extracts (2 mg of protein/ ml) (Fig. 1) . The molecular weight of fucoidan was decreased from 240,000 to 8,000 by the enzyme reaction. Enzyme activity was not detected in the concentrated cultural supernatant (2.6 mg of protein/ ml). In the case of using cell-free extracts, the release of reducing sugars and sulfate was also detected concomitantly with the degradation of fucoidan, but the patterns of release were different. Figure 2 shows the time course of the enzymatic degradation of fucoidan by cell-free extracts of Flavobacterium sp. F31. The figure clearly indicates that the observed decrease in the molecular weight of fucoidan occurred simultaneously with the release of reducing sugar. The molecular weight of fucoidan and the concentration of reducing sugar were several thousand The reaction mixture contained 0.25% fucoidan, 2 mg/ml cellfree extract and 100 mM Tris-HCl buffer (pH 8.0). The enzyme reaction was performed at 30 C for 1 h and stopped by heating at 80 C for 5 min. Molecular weights before and after the reaction were estimated by HPLC. Peak 1 corresponds to fucoidan, used as a substrate. The molecular weight was approximately 240,000. Peak 2 shows low-molecular-weight fucoidan after the enzyme reaction. The molecular weight was about 8,000. and 3 mM after 3 h, respectively. Importantly, the release of sulfate started only when the molecular weight of fucoidan was less than several tens of thousands, suggesting that the sulfatase produced by Flavobacterium sp. F31 did not use high-molecular-weight fucoidans as substrate. As for fucoidan sulfatase, only enzyme activity has been reported to date, 11) and no information about the enzyme reaction kinetics or substrate specificity is available. It is expected that the number of sulfate groups in low-molecular-weight fucoidans influences their physiological activities. If the sulfatase for fucoidan and the enzyme responsible for decreasing the molecular weight of fucoidan could be separated, then it is likely that low-molecular-weight fucoidans with unique structures would be produced using these enzymes.
Flavobacterium sp. F31 is capable of using fucoidan as sole carbon source. However, the growth of Flavobacterium sp. F31 in medium F with fucoidan as sole carbon source was poor (OD 660 ¼ 1). To enhance enzyme production by strain F31, the bacterium was cultured in a variety of media and enzyme production was estimated. This is interesting, because it appears that no previous reports have examined enzyme production in fucoidan-degrading microorganisms. The growth of Flavobacterium sp. F31 was enhanced by the addition of carbon sources to medium F containing 0.5% fucoidan ( Table 1 ). The observation that as compared to the medium containing fucoidan only, lower enzyme activities occurred in the inocula supplemented with glucose (15%), sucrose (10%), or mannitol (18%) indicates that catabolite repression may have occurred with these carbohydrates. The addition of mannose and galactose also enhanced the growth Flavobacterium sp. F31, but we have not assayed the enzyme activities in these cases yet. We plan to estimate the effects of these carbon sources on the enzyme production in the future.
Although strain F31 was also cultured in synthetic medium supplemented with glucose, mannose, sucrose, or mannitol as sole carbon source (Table 1) , no enzyme activity was detected in these cases (data not shown). Thus, only fucoidan appeared to induce enzyme synthesis. Moreover, fructose, fucose, xylose, maltose, and lactose inhibited the growth of strain F31 even when the medium contained fucoidan. Especially, it is intriguing that fucose, which is a major component of fucoidan, inhibited the growth of this strain. Since the addition of fucose to the enzyme reaction mixture at 1 mM had no influence on the fucoidan-degrading activity of strain F31, it can be assumed that fucose inhibits the metabolism of the degradation products enzymatically formed from high-molecular-weight fucoidan. As a similar phenomenon, there is a report that galactose, one component of agar, strongly inhibited the growth of the agar-degrading bacterium. 16) We found that the Flavobacterium F31 strain produces intracellular fucoidan-degrading enzymes only when cultured in a medium containing fucoidan. It is interesting that the enzyme responsible for the degradation of high-molecular-weight fucoidan was localized within the bacterial cells. The alginate-degrading microorganism Sphingomonas sp. strain A-1 forms mouth-like pits on the cell surface that it uses to assimilate highmolecular-weight alginate, which is then degraded by intracellular enzyme action. 17) Like alginate, fucoidan is also a high-molecular-weight compound derived from the marine environment, and it is possible that Flavobacterium sp. F31 employs a mechanism for the incorporation of fucoidan similar to that of Sphingomonas sp. strain A-1 for alginate. Seaweeds contain a wide variety of unique macromolecular substances that are not found in terrestrial plants. It is thus anticipated that the unique microfloral communities associated with seaweeds will be sources of unique, potentially useful enzymes. We believe that Flavobacterium sp. F31 is one such strain, and will continue to investigate the enzymes and genes of this strain in the future.
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